We examine how local direction signals are combined to compute the focus of radial motion (FRM) in random dot patterns and examine how this process changes across the visual field. Equivalent noise analysis showed that a loss in FRM accuracy was largely attributable to an increase in local motion detector noise with little or no change in efficiency across the visual field. The minimum separation for discriminating the foci of two overlapping optic flow patterns increased in the periphery faster than predicted from the resolution for a single FRM. This behavior requires that observers average numerous local velocities to estimate the FRM, which enables resistance to internal and external noise and endows the system with the property of position invariance. However, such pooling limits the precision with which multiple looming objects can be discriminated, especially in the peripheral visual field.
INTRODUCTION
Physiological [1] [2] [3] and behavioral 4 studies have shown that the receptive fields of early visual mechanisms are highly selective for a limited range of stimulus attributes, such as spatial frequency and direction of movement, and that they are relatively small, responding to structure within only a very limited region of the visual field. However, the visual system is required to produce useful information about spatially extensive motion, such as ego motion or object movement, which cannot be derived directly by local mechanisms and must be inferred by combining a number of local inputs across visual space. Such a view is consistent with a variety of recent behavioral, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] electrophysiological, [20] [21] [22] [23] [24] [25] [26] [27] and imaging 28, 29 studies that propose that local motion signals form the first stage within a hierarchy of motion processors with increasing receptive field size and selectivity for increasingly complex forms of global motion.
Self-motion and the motion of objects in the real world give rise to characteristic patterns of retinal motion, known as optic flow. 30, 31 The perception of optic flow is typically studied in the laboratory with sparse random dot stimuli that give rise to a compelling sense of realistic motion 32 (see Ref. 33 for a review). The focus of radial motion (FRM) in such computer-generated random dot stimuli can be estimated with an accuracy of around 0.5°. 34 While in principle the FRM could be calculated from the intersection of the velocity vectors of just two dots, [35] [36] [37] [38] there is convincing evidence that observers integrate the local directions across the stimulus. For example, sensitivity to the FRM increases with the number of target dots by a power law ͑ ͱ N͒, reaching an asymptote at around 30 dots. 34 This compares favorably with direction discrimination [39] [40] [41] [42] [43] and global motion coherence thresholds in planar dot fields, which also saturate at relatively small dot numbers. 42 Warren et al. 44 measured sensitivity to the FRM in random dot stimuli in which noise was added to the local direction of each dot (termed random walk). Sensitivity fell gradually from around 0.5°f or noise-free stimuli to around 1.5°when the directional bandwidth was 45°and was still detectable when the bandwidth was as great as 135°, indicating that complex motion detectors can average many directional signals. Sensitivity to the FRM is highest when the center of expansion is present in the stimulus 45 consistent with the precision with which the intersection of element vectors can be computed. 46 There is a smaller advantage when the center of expansion is at or near the fovea, 46 which probably arises from the higher resolution of parafoveal vision. Optic flow contains speed as well as directional information across the field that could also be used to estimate the FRM. Randomizing the element directions while preserving their speed distribution produces chance performance in estimating the FRM, indicating that subjects do not use the speed distribution. Conversely, randomizing the speed information while preserving the directional distribution has negligible effect on FRM estimation. 44 Similarly, eliminating the speed gradient (acceleration) by reducing element lifetime to two frames has little effect on FRM estimation. 44 These results suggest that the FRM is estimated in random dot patterns mostly by integrating the directions of elements, regardless of their speeds. A number of computational models of complex motion processing have been advanced to estimate the direction of heading of a moving observer in static and dynamic environments. In principle, direction of heading can be inferred at the intersection of image velocity vectors, [35] [36] [37] [38] by encoding first-or second-order spatial derivatives from the flow field, 47 or from relative motion information contained in motion parallax 35, [48] [49] [50] [51] [52] and in the relative motions of objects at varying depths and speeds 53 20, 21, 24 which may serve partially to compensate for fixation change. 60 Analogous evidence for position invariance has been reported in behavioral studies of motion processing. For example, adapting to a field of expanding motion produces a robust contracting motion aftereffect (MAE) (see Mather et al. 61 for a review of the long history of MAE research). Assuming stable fixation, during adaptation the region of visual space to the left of the center expansion experiences exclusively leftward motion-so a test pattern presented in this location should appear to drift rightward. However, random noise patterns presented in this location often appear to contract, providing behavioral evidence for position invariance. 15 Position invariance means that accurate FRM estimation can be based not on the activity of a single optic flow detector but on the activity of a population of optic flow detectors with overlapping receptive fields.
While position invariance allows an organism to resist changes in retinotopic flow fields with transient changes in posture and gait, it reduces the precision with which the direction of heading can be calculated. Models of optic flow and FRM estimation depend on integrating the responses of many directionally selective motion detectors with small receptive fields, typically modeled with motion energy sensors [62] [63] [64] and associated with neurons in area V1. This approach incorporates competing limitations: Accurate estimation of the direction of heading depends on the stable retinotopic locations of motion detectors selective for different speeds and directions. However, position invariance requires flexible integration of motion detectors selective for different speeds and directions with somewhat less regard for their retinotopic locations. In this study we use one old and two novel approaches to estimate the precision with which observers can estimate the FRM in random dot stimuli in an attempt to understand the processes of direction detection and motion pooling that support the perception of optic flow. We apply these techniques at a number of retinal locations to examine how optic flow processing changes across the visual field. In the first task, we measure the overall precision of motion integration by asking observers simply to position a cursor at the apparent FRM at a number of retinal locations. In a second experiment, we use an equivalent noise (EN) paradigm to examine how intrinsic noise and efficiency limit the estimation of the FRM. This technique allows us to separate the contribution of local element uncertainty and global element integration in the estimation of the FRM. While spatial resolution declines rapidly in the peripheral visual field, 65, 66 motion sensitivity is relatively invariant to retinal eccentricity for acuitycorrected targets. [67] [68] [69] We perform EN analysis as a function of retinal eccentricity to examine how intrinsic noise and sampling efficiency for optic flow perception vary across the visual field. The property of position invariance requires that the visual system base its estimate of the FRM on the pooled responses of a population of overlapping (position-invariant) receptive fields. In a final experiment, we formulate and test the hypothesis that the ability to discriminate one from two (or more) directions of heading (foci of radial motion) in the same location must be compromised by such pooling.
GENERAL METHODS: STIMULI
Stimuli were generated in MATLAB running on a PC microcomputer using software adapted from the PsychToolbox routines 70, 71 and were displayed with a GeForce4 MX440 graphics card on a LaCieElectron22 monitor with a mean luminance of 50 cd/ m 2 and a frame rate of 75 Hz. The gamma function was measured with a Minolota CS100 photometer and was corrected directly in the graphics card's control panel to produce linear 8 bit resolution per color, without any loss of monochrome resolution that occurs with software lookup tables. The display measured 36°horizontally ͑1152 pixels͒ and 27°vertically ͑864 pixels͒ and was 57 cm from the observer in a dark room.
Stimuli were 8°square fields (256ϫ 256 pixels) of 200 black and white, limited lifetime Gaussian dots of 50% Michelson contrast that formed a global pattern of radial motion (expansion or contraction). We used 200 limited lifetime dots because FRM sensitivity is fully saturated at this dot number. 34 Illustrations of the stimuli are shown in Fig. 1 ; in these images two successive movie frames (each containing only 100 dots for clarity) have been summed to illustrate radial patterns of global motion. There was an equal number of black and white dots to ensure that the mean luminance of the stimulus was the same as that of the background and to avoid potential masking effects from a DC component at the scale of the pattern. The Michelson contrast of the dots was 50% (a) because, at this contrast, motion sensitivity (determined by motion coherence thresholds) was invariant at the eccentricities tested in the present task 72 and (b) because overlapping elements summed, so the use of elements of nonunit contrast reduced the probability of lookup table overflows. The lifetime of the dots was fixed at three movie frames ͑80 ms͒ for three reasons: (a) to prevent observers from tracking single dots over time, (b) to prevent large density changes that occur as dots cluster in the center of the image with contracting motion, and (c) because FRM sensitivity is relatively invariant to element lifetime. 44 To support antialiasing, the dots were spatial Gaussians of the form
where , the standard deviation, was 3.75 arc min. Subpixel antialiasing to 0.1 pixel accuracy was achieved by generating a 10ϫ 10 grid of elements with combinations of 0.0-0.9 pixel offsets in the x and y directions. The direction of radial motion (expansion or contraction) was randomly assigned each trial to minimize the buildup of direction-specific aftereffects. At the start of each trial, the dots were assigned a random starting location, a random black or white contrast polarity (which was fixed for the trial), and a random age between one and three movie frames (to ensure that all dots did not expire simultaneously). On odd video frames of the 75 Hz monitor, the locations of the dots were updated. To generate expanding or contracting motion with a realistic speed gradient, the speed and direction of each dot were calculated by adding ±90°(+90°for expansion, −90°for contraction) to the spatial displacement calculated to produce rigid rotational motion. The dot speed at the half-radius distance was 3.75 deg/ s. Dots that fell outside the 8°window and dots whose lifetime exceeded three movie frames were randomly repositioned in the image and assigned a zero age. On even video frames, the stimulus on screen was replaced with the newly calculated movie frame. Movies were presented for 507 ms (19 movie frames; 38 video frames), with abrupt onset and offset. At this duration, direction of heading performance has reached asymptotic levels. 73 A prominent fixation point was provided throughout each run. The fixation point and the location of the stimulus on screen were adjusted so that the center of the stimulus was presented at eccentricities ranging from 0°( foveal) up to 16°in the upper, lower, nasal, or temporal visual field of the observer's dominant eye (the temporal visual field was not tested at 16°, to avoid the blind spot). An eyepatch was worn to occlude the nondominant eye. To ensure compliant fixation, the observer's direction of gaze was monitored with a 50 Hz Cambridge Research System Eye Tracker (www.crsltd.co.uk). If the observer's fixation strayed beyond 1°from the fixation point during the stimulus presentation, auditory feedback was provided and the trial was discarded and repeated at a random point later in the run.
EXPERIMENT 1: PERCEIVED DIRECTION OF HEADING AS A FUNCTION OF ECCENTRICITY
Stimuli were the same as those in Section 2 (a 507 ms movie of 200 limited lifetime, black and white, random dots whose velocities formed a global pattern of expanding or contracting motion). The FRM (expansion or contraction) of the radial motion was selected to fall at a random location within the central 4°of the 8°field. The observers' task was to maintain fixation on the fixation mark while the stimulus was present (with compliance enforced by the eye tracker), then, with a mouse, to move the tip of a cursor to the apparent FRM and press the mouse button. The cursor was extinguished during stimulus presentation and reappeared at the fixation point at stimulus offset. This prevented observers from using the cursor as a reference point while the stimulus was present and required similar hand movements on all trial repetitions. Free viewing was permitted during this response section of the task. In pilot runs we found that this relaxation of enforced fixation removed any possibility Fig. 1 . Illustrations of the stimuli. Each image is the sum of two consecutive frames from illustrative movies from the experiments. Elements in the first frame are randomly positioned; elements in the second frame are positioned relative to those in the first frame to generate an expanding/contracting radial flow field. (a) Noiseless radial motion. In (b) the x location of each element is subject to positional noise (experiment 2). There are two foci of radial motion in (c): half the dots (at random) are displaced relative to a focus 32 pixels to the left of center, and the other half are displaced relative to a focus 32 pixels to the right of center.
that the accuracy of cursor placement would depend on the visibility of the cursor. The 8°diameter stimulus was centered at 4°and 8°in the nasal, temporal, upper, and lower visual field in random order in a single run. Each location was tested a minimum of five times in random order.
Results. Figure 2 (a) shows radial plots of the perceived location of the FRM at each eccentricity for three observers as shown in the legend. The data have been corrected for the positional randomization in the experiment to center the data on the test locations (recall that the actual FRM was randomly positioned within the central 4°ϫ 4°o f the 8°ϫ 8°stimulus). Figure 2(b) shows precision errors (the distance between the actual and perceived FRM) as a function of eccentricity. Observers were able to identify the direction of heading to within 0.5°-1.2°, in good agreement with previous estimates. 34 There was a modest loss of accuracy with eccentricity, also in line with previous studies. 46 There was no evidence of any overall bias to perceive the FRM from any particular direction, e.g., relative to the fovea, possibly because the FRM was present in the display in all cases. In Section 4 we employ an EN paradigm to examine the underlying changes in visual processing in the peripheral visual field that may account for this reduction in accuracy in the peripheral visual field.
EXPERIMENT 2: ELEMENT NOISE AND GROUPING EFFICIENCY
At least two factors could limit the precision with which the FRM can be calculated from random dot motion stimuli. In principle, FRM detection requires that observers first detect the velocity vectors of individual dots, then integrate as many of those vectors as possible to maximize efficient integration of the information present in the stimulus. The direction pointing task in experiment 1 is not able to disentangle changes in these factors, which could include improvements in one that fail to compensate for deficits in the other. We adopt an EN paradigm first developed by Barlow 74 and adapted to study the perception of blur, 75 orientation, 76 and motion. 43 On the assumption that visual performance is limited by internal noise in the visual system, 77 the EN paradigm exploits the additivity of variance in the stimulus and variance in the visual system, so that thresholds can be expressed as
where FRM represents FRM discrimination threshold, int internal noise in the visual system, ext external noise in the stimulus, and N the sampling efficiency, i.e., the number of samples or the proportion of the stimulus that supports the observer's response. We adapted the EN paradigm for FRM estimation by measuring the minimum offset from the center of the stimulus required for observers to indicate the direction of the FRM offset in a two-alternative, forced-choice task. Stimuli were the same as those in Section 2 (a 507 ms movie of 200 limited lifetime, black and white, random dots whose velocities formed a global pattern of expanding or contracting motion), except that the location of the FRM was displaced left or right of center. Once the trajectory of each dot was calculated, a positional offset was added to the horizontal location of each dot. The magnitude of the positional offset for each dot was drawn from a Gaussian distribution with zero mean and a standard deviation that was systematically varied from 0.0625°to 4°. Figure 1(b) illustrates a stimulus with positional standard deviation of 1°( 32 pixels). The stimuli appeared at 0°, 8°, or 16°eccen-tricity in the nasal visual field (to avoid the blind spot), randomly interleaved in a single run. The vertical FRM was fixed at the middle of the 8°stimulus, and the horizontal focus was shifted to the left or right of center (at random across trials) under the control of a 3 down, 1 up staircase 78 that adjusted the offset to a level that produced 75% correct trials. The observer's task was to maintain steady fixation (with compliance enforced by an eye tracker) and to indicate whether the center of expansion was to the left or right of center. Feedback was provided following incorrect responses. Staircases for each noise level were randomly interleaved on a single run. Each staircase terminated after 50 trials or ten reversals, whichever occurred first. The raw data from a minimum of four repetitions were combined and fitted with a cumulative normal function by least chi squares (in which the data are weighted by the binomial standard deviation, calculated from the observed proportion correct and the number of trials tested at each level). FRM discrimination thresholds were estimated from the 75% correct point of the psychometric function, and 95% confidence intervals on this point were calculated with a bootstrap procedure, based on 1000 data sets simulated from the number of experimental trials at each level tested. 79 Results. Figure 3 shows FRM discrimination thresholds as a function of the standard deviation of horizontal position noise for five observers and their mean performance at three eccentricities, indicated in the legend in Fig. 3(a) . Error bars show ±95% confidence intervals. The data show that observers are still able to identify the FRM to within around 2°or so (depending on eccentricity), even at the highest levels of position noise (4°position noise covers the full radius of the display). In line with random walk studies, 44 this performance requires that observers average many motion cues across the display. The curves show EN fits to the data; the parameters of the fits at each eccentricity are plotted in Figs. 3(g) and 3(h). Open symbols show the parameters for the observers (see the legend). 95% confidence intervals on each parameter were estimated with a bootstrap fit of the EN model to the threshold data. For clarity the mean 95% confidence interval for internal noise and sampling efficiency across observers and conditions is shown as the unconnected error bar on the right of each figure. Solid symbols show the mean parameters across the five observers, and the error bars show 1 standard error. With one exception (observer MT), internal noise (parameter int ) increased with eccentricity, as is clear from the mean data across observers (solid circles). The results for the sampling efficiency (parameter N) were more variable-three observers (PB, HF, and naive observer AR) showed an increase with eccentricity, and two observers (MT and IM, both naive) showed a decrease with eccentricity. The mean across observers showed little consistent change in sampling efficiency with eccentricity.
We were concerned that when the FRM was moved in this experiment, the mean direction of the dot field also shifted. For example, if the center of an expanding dot field were shifted left, the overall field would contain more rightward dots (on the right of the FRM) than leftward dots. In principle, the observer could use this cue instead of the location of the FRM. The magnitude of this cue is unchanged (on average) as the positional variance increased, and yet the results show a clear loss of sensitivity with positional noise, which suggests that observers were not using this cue. Nevertheless, to remove the cue, one observer (PB) repeated the task with a modified paradigm that made this cue unreliable. The task was identical, except that the observer judged whether the FRM was left or right of a probe instead of the center of the stimulus. The location of the FRM and the probe were randomly offset from the center of the stimulus by up to 3°. The magnitude of the random probe offset was selected because it was larger than the highest threshold across observers and conditions. The probe was presented after stimulus offset. The results are shown in Fig. 3(a) (gray symbols and dashed line fit). The fitted parameters were not significantly different (paired t-test, p Ͼ 0.05) from those obtained under the nonprobe condition and confirm that observers were not using this cue to perform the FRM task.
EXPERIMENT 3: DISCRIMINATING TWO-FOCI RADIAL PATTERNS
Experiments 1 and 2 show that, with noiseless stimuli, the FRM can be determined within approximately 0.5°n ear the fovea. Accuracy falls modestly with eccentricity, and this is largely attributed to elevated uncertainty on the positional vectors of the local elements rather than to any change in the efficiency with which local elements are integrated. Internal position noise increases from around 1.5°at the fovea to around 3.5°at 16°eccentricity. These data and the phenomenon of position invariance suggest that FRM estimation must be based on the pooled responses of a population of radial motion sensors. We speculate that while such averaging reduces the impact of position noise and position invariance, it causes a loss of resolution for discriminating the FRMs of overlapping radial motion fields, which may occur in natural scenes containing multiple objects moving in different directions relative to a mobile observer. In experiment 3 we test this hypothesis. Stimuli were the same as those in Section 2 (507 ms movies of 200 limited lifetime, black and white, random dots whose velocities formed a global pattern of expanding or contracting motion). A standard and a test movie were presented on each trial at the same retinal location (0°, 8°, or 16°eccentricity in the nasal visual field) in random order, separated by a 507 ms blank interval. The standard movie contained a single FRM that defined the velocities of all 200 dots. The test movie contained two foci of radial motion that were horizontally separated. Each focus determined the velocities of half the dots. Figure 1(c) shows an example image with a separation of 64 pixels ͑2°͒ between the foci. The spatial separation between the foci was under the control of a 3 down, 1 up staircase 78 that adjusted the separation to a spacing that produced 75% correct trials. The observer's task was to fixate on a central point (with compliant fixation enforced by an eye tracker) and to indicate which interval contained two foci. Feedback was provided following incorrect responses. Staircases for each eccentricity were randomly interleaved on a single run. Each staircase terminated after 50 trials or ten reversals, whichever occurred first. The data from a minimum of four repetitions were combined and fitted as in experiment 2.
Results. Figure 4 shows the spatial separation thresholds for two foci of radial motion as a function of eccentricity for four subjects (indicated by the legend). As eccentricity increased, the threshold separation between two foci increased. Experiments 1 and 2 show that, for noiseless stimuli, direction of heading accuracy fell from 0.5°to 1.2°on average from fovea to 16°eccentricity. Based on these data, we calculate that observers should be able to discriminate two foci that are separated by ͱ 2 times these distances (i.e., 0.7°, 1.3°, and 1.7°). This pre- Fig. 3. (a) -(e) FRM discrimination thresholds as a function of horizontal positional noise (applied to each element) at three eccentricities, indicated by the legend. Error bars show 95% confidence intervals. Plots (a)-(e) each shows the data for one observer, and the mean across observers is shown in (f); error bars show 1 standard error. Curves show equivalent noise fits to the data (see the text for details). The internal noise parameter of each fit is plotted as a function of eccentricity for each observer (see the legend) in (g), and the sampling efficiency parameter is plotted in (h). The unconnected error bars on the right of each figure show the mean 95% confidence interval across observers and conditions for each parameter. The solid symbols show the mean value for each parameter across observers, and the error bars show ±1 standard error. dicted performance is plotted in Fig. 4 as the dashed line. Performance was consistently lower than predicted, especially in the peripheral visual field.
GENERAL DISCUSSION
Convergent behavioral, electrophysiological, and computational studies agree that visual motion processing proceeds hierarchically, starting with local motion sensors that are selective for image velocity in a small region of visual space. Local motion signals must then be combined at a later stage by global motion integrators with large receptive fields that are selective for more complex forms of pattern motion, such as optic flow. To estimate its direction of heading from the visual flow field, an organism must therefore integrate local velocity vectors across multiple local motion sensors. In this study we examined the precision with which the FRM (expansion/contraction) can be estimated in random dot stimuli. A simple pointing task and a forced choice FRM discrimination task confirmed that observers can identify the direction of heading to within half a degree or so and that accuracy declines modestly in the peripheral visual field. We speculated that the loss of accuracy in the peripheral visual field could arise from a reduction in the accuracy with which the local velocity of each moving element can be determined or by a reduction in the efficiency with which the moving dots can be integrated to represent global radial motion. We used EN analysis to decide between these two factors. EN analysis showed that the decline in direction of heading accuracy in the peripheral visual field was almost exclusively caused by increased uncertainty on element position rather than any consistent change in sampling efficiency. A final task showed that the ability to discriminate single from overlapping pairs of FRMs in radial flow fields declined in the peripheral visual field and that the rate of decline was greater than predicted from the resolution for stimuli containing a single FRM.
A. Position Invariance
Behavioral 15 and electrophysiological 20, 21, 24 studies show that motion detectors that are selective for optic flow motion are in many cases insensitive to the focus of optic flow-a property termed position invariance. The property of position invariance means that single complex motion detectors cannot identify the FRM with high resolution. The fact that we and others 34 find that the FRM can be determined to within half a degree or so suggests that the responses of a population of complex motion detectors must be compared in order to estimate the overall FRM. Electrophysiological 80, 81 and imaging 29 studies show that cortical receptive field sizes increase in the peripheral visual field. It is tempting to conclude that the increasing receptive field size coupled with position invariance might account for the reduction in FRM sensitivity in the periphery. However, there is no a priori reason to assume that an increase in receptive field size should result in a reduction in FRM accuracy: Larger receptive size can integrate more signal velocities, and this might lead to more accurate FRM estimates, especially under noisy conditions. Experiment 2 showed that while there was a steady increase in positional uncertainty in the periphery, there was no consistent change in efficiency (the number of elements used to estimate FRM). This means that although receptive field size increases, the detectors do not appear to integrate a larger number of local motion signals, at least not within the 8°diameter of our stimuli. Experiment 3 showed a rapid falloff in two FRM discrimination thresholds in the peripheral visual field. Both these results suggest that position invariance may increase in the peripheral visual field; it would therefore be interesting to know if this trend were present in primate electrophysiology. The results also suggest that visual processing shifts to larger spatial scales in the peripheral visual field, consistent with our recent finding that global motion processing is low pass tuned for spatial frequency.
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B. Foveocentric Bias
Previous studies have shown a bias in the perceived FRM toward the center of the screen. 32, 38 We found no evidence in experiment 1 for any bias toward the center of the screen or the fovea, which were coincident in our experiment, nor was there any evident bias toward the center of the stimulus. Figure 2 (a) shows that errors were fairly randomly positioned relative to the actual target location and relative to the fovea. It is possible that we failed to show a bias because the center of the FRM was always present in our stimuli and so none of the estimates were based on lamellar flow, which is known to reduce sensitivity. 46 We may not have found biases because it may be harder to detect small observer biases in stimuli with a FRM present than in stimuli in which the FRM is absent. While fixation compliance was enforced during stimulus presentation in our task, observers were allowed to look at the cursor to indicate the FRM during the response section of the task. This avoided confounding any bias in the motion task with biases in the pointing taskthe fact that we did not find any bias could therefore mean that biases are greater in the spatial positioning part of the task in paradigms than for fixation compliance in both sections of the task. C. Direction of Heading, Self-Motion, and Optic Flow Random dot patterns (especially those composed of limited lifetime elements as in the present study) require that the observer integrate local element velocities in order to identify the FRM. However, at walking speeds 82, 83 in real or realistic environments, the path followed by observers wearing optical prisms is consistent with the perceived location of a destination and not with the optic flow generated by self-motion (see Refs. 84-87 for critical reviews of these studies). It is therefore not clear whether observers depend on local velocity integration to guide mobility in everyday experience. Our study was partly motivated by the observation that people with low vision frequently experience mobility difficulties whether they suffer central or peripheral visual field impairment. 88 Our results show that normally sighted observers can detect the FRM with high accuracy in the foveal or peripheral visual field even in conditions of extreme noise and without any visible landmarks present in the scene. This result suggests that if visual guidance for walking were exclusively based on detecting the FRM from local velocities, then visual field loss should produce relatively little effect on mobility and there should be little difference in performance between subjects with central or peripheral scotoma. Clearly, the results do not support this simple prediction, and so factors other than the detection of the direction of heading in optic flow appear to constrain visually guided mobility in observers with low vision.
D. Crowding
Crowding (also known as spatial interference or local contour interaction) refers to the phenomenon that targets that are highly visible in isolation can be rendered indiscriminable in the presence of other nearby targets. 89, 90 Several explanations of crowding have argued that crowding is caused by averaging spatial detail within the receptive fields of units selective for complex form. [91] [92] [93] [94] According to this view, crowding effects are greater in the peripheral visual field because the spatial extent of averaging (i.e., receptive field size) increases with eccentricity. We were therefore surprised that sampling efficiency (the number of elements divided by the proportion of the stimulus used to perform the direction of heading discrimination) was relatively invariant to eccentricity in experiment 2. This result suggests that as receptive field size increases, the spatial scale of resolution decreases, which is consistent with observed low spatial frequency tuning for crowding in the peripheral visual field 93, 95 and for the integration of complex spatial 96 and motion 19 patterns.
Collectively, these data show that the relatively high resolution of FRM detection is achieved by averaging a large number of noisy local velocity estimates within complex motion detectors. The complex motion detectors individually are relatively insensitive to the FRM, and so the estimate of FRM must be based on the distribution of activity across a population of complex motion detectors. Local velocity averaging by global motion detectors enables resistance to internal and external local noise and produces the phenomenon of position invariance; however, it limits the precision with which multiple foci of expansion can be discriminated in overlapping optic flow fields.
